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BS 2－10 18 0375 一 30．0 0．50
AC　1 一 16 0，475 2．0－5．0 0．0 0．90
AS 5－20 19 0，375 一 40．0 0．75
AC2 0－4 16 0，475 40－80 0．0 0．90
DC 2－4 16 0，475 50－100 0．O 0．90






























































































Sheet　pile VL　Type 56．2 1．32
1s£Brace 1－H350×350 7．30 0．00
2πdBrace 1－H350×350 14．60 0．00
3・dBrace 1－H400×400 18．36 0．00











































































































































































































































































































































































































































































































































































































































































































































































































































































































Parameters Amc Alc Ma12
Coe伍cient　of　permeabilityたo（m／s）1．60×10－91．60×10－95．30×10－10
Compression　indexλ0．3201 0，326 0，217
Swelling　indexκ 0．0482 0．0326 0．0217
Initial　void　ratio　eo 1．70 1．30 1．20
CoefHcient　of　earth　pressureκo0，566 0，528 0，466











B 13 19．0 36，4000．30
Aus 2 18．0 5，600 0．30
Dg 60 19．0 168，0000．30
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Figllre　5．37　Dist，ributioiis　of　the　accllmlllated　viscopl‘lstic　deviatoric　straill　at　2，4，6，
all（l　lO　clll　of　footing　displacelneIlt　for　the　sqllare　snlootl1丘）otillg　case　iII　whichβ＝O　ill
SectiOI12
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Figure　5．38　Vectors　of　the　illcremental　nodal　displacement　at　2，4，6，　and　10　cm　of
f（）oting　displacement　fbr　the　square　smooth　fboting　case　in　whichβ＝O　in　Section　1
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Figure　5．39　Vectors　of　the　incremental　nodal　displacement　at　2，
displacement　fbr　the　square　smooth　fboting　case　in　whichβ＝0
4，6and　10　cm　of　footing
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Figure　5．40　Di・t・ibllti・11・・f・t，he　accuinulat・d・i・c・1・la・tic　d・vi・t・・i・・st・・in・t　10　cln・f
f。。ti。g　di・placeme・t　f・・the　sql・a・e　sl・…th　f・・ti・9・ase・11　highly・t・u・tured・・il・nd
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Figure　5．41　C・mP・・i…b・twee・・the　l・ad－di・placeme・t…urv・・f・r　r・・gll　and・m・・th
square　fbotiIlgs
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Figure　5・42　Stress　paths　of　the　soil　under　the　center　of　the　square　fboting
5．4 Summary
Finite　element　analyses　using　an　elasto－viscoplastic　constitutive　model，　considering　the
structural　changes，　are　perfbrmed　to　investigate　the　effects　of　structural　degradation　and
strain　localization　on　the　bearing　behavior　of　a　surface　strip　footing　and　a　square　fboting
on　a　saturated　clay　stratum．　It　is　fbund　that　the　soil　structure　and　strength　degradation
lead　to　the　strain　localization　during　the　loading　of　the　fbotings　on　the　structured　soil
No　strain　localization　can　be　observed　in　the　case　of　soil　with　low－structure．　This　strain
localization　zone　acts　as　a‘‘slip　line，，　and　affects　the　bearing　behavior　of　the　strip　fboting．
　　　By　comparing　the　bearing　capacity　obtained　from　the　method　used　here　and　that　from
the　plasticity　solution，　it　can　be　seen　that　the　numerical　analysis　by　the　method　used　here
predicts　lower　values　fbr　the　bearing　capacity　factors　for　the　footings　on　highly　structured
soiL　Furthermore，　it　is　fbund　that　the　structural　changes　and　the　soil　strength　degradation
have　an　influences　on　the　bearing　behavior　of　the　foundations．　It　is　important，　therefbre，
to　include　the　effects　of　microstructural　changes　in　the　bearing　capacity　analyses．　The
analysis　also　shows　that　different　friction　conditions　at　the　fboting　surface　yield　different
failure　patterns．
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　　　A，f（，r　the　ca，e。f　th，　f。。ti。9・・n・・il　with　st・e・・gth　whi・h　inc・ea・e・with　d・pth，　the
f，i。ti。n，。nditi。1、s　at　th。　f。。ti・g・urface　affect　th・・h・p・a・d　th・d・ptl・・f　th・f・ilure
mecha。ism，　and，・nsequently，・e・ult　i・diff・・ent　b・a・i・g・ap・・iti…Simil・・t・th・h・m°－
gene。us　s・il・a・e，・・il・t・ength　d・g・ad・ti・n　al・d・t・ain　l・・ali・ati・n　due　t・the　c・ll・p・e°f
the，。il，t，u，t。，e　a価ect　th。　b。a・i・g　b・havi…fth・f・・ti・g・・F・・th・1・w－st・u・t・・ed・・il
，a，e，　th，　i。，，ea・ing・at・・f　th・1・ad　i・the　ca・e・f　l・w－st・u・tu・ed・・il　i・c・n・id・・ably　high
since　shear　strength　is　increases　with　depth．
　　　N。m，，i，al　an。ly，e・・f　th・・qua・e・・ugh　f・・ti・g・nd　th・・m・・th　f・・ting　P・・bl・ms　a「e
conducted　under　three－dimensional　conditions．　It　is　fbund　that　the　loading　of　the　rough
，qua，e　f。。ting・n　a・1・y　g・・und・e・ult・in　a　th・d・f・・m・ti・n　p・tt・m　th・t・9ree・with　the
・1。，al，h，a，　f。il。，e，，．　Th。　d。f。，m・ti・n・・n・・f　th・p・edi・t・d・・il　is　sh・ll・w・・than　th・t・f
th，，t，ip　f。。ti・g・a・e，　whil・th・am・unt・f　l・ad・bt・i・・d　i・high…Th・・lip　li・・is　again
，im。1。t，d　h。，e　f。，　th。　highly・t・u・t・・ed・・il・a・e　and　this　slip　lin・affect・th・b・a・i・9
behavior　of　the　square　fboting　in　the　same　way　as　it　affects　the　strip　fboting　case．
　　　A，f。，　th。，m。。th　f。。ting…e，　wh・n　th・f・・ting　i・1・ad・d・・th・1・w－st・u・t・・ed
，。il，　th，　d，f。・m・ti・n　mechani・m・f　th…il　i・n・t・ffect・d　m・・h・by・the　fo・ting　f・icti°nal
。。nditi。n，．　C。n，eq。。ntly，　th・1・ad・bt・i・・d　fr・m　th・・m・・th・f・・ti・g・…d…n・t　diff・・
，ig。i丘，antly加m　th・t・f　th…ugh　f・・ting　ca・e・0・th・・th・・hand，　th・f・i・ti°輌m
th，　f。。ti。g　P，。mine・tly・ffect・th・d・f・・m・ti・n　mechani・m・f　th・highly・t・u・tu・ed・・il
und，，　th，，m。。th　f。。ting．　F・・th・・m・・e，　wh・n　th・f・・ti・g　is　sm・・th，　th…il・t　th・
f。。ti。g，u，face　is　sh・a・ed・nd　its　st・ength　i・d・g・ad・d・A・a・e・ult・，　th・1・ad・f　the
，m。。th・f。。ti。g。n　th・highly・t・u・t・・ed・・il　i・c・n・id・・ably　l・w・・than　th・t・f　th…ugh
f。。ting．　Thi・ag・in・mpl・asize・th・imp・・tance・f・・n・id・・ing　th・mi・…t・u・tu・e　changes
and　strain　localization　iII　the　analyses　of　shallow　foundations　on　clay　grounds．
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Chapter　6
Adaptive　Finite　Element　Refinement
for　the　Elasto－viscoplastic　Model
6．1 Introduction
F・・1・・g・d・f・・m・ti・n・in・1・・g・・t・ain　analy・i・，　it　i・w・ll　k・・w・th・t　th・tw・m・in　ap．
proaches　are　the　Eulerian　and　the　Lagrangian　fbrmulations．　Large　defbrmation　problems
in　solid　mechanics　have　traditionally　been　solved皿merically　by　the　finite　element　method
using　the　Lagrangian　method．　In　many　cases，　however，　after　moderate　defbrmation　oc－
curs，　the　mesh－updating　process　will　cause　the　FE　meshes　to　become　highly　distorted
or　even　entangled．　Particularly　in　the　analysis　of　geotechnical　problems，　in　which　strain
localization　occurs，　the　strain　of　the　soil　in　the　localization　zone　is　considerably　larger
than　that　ill　typical　problems．　This　may　affects　the　accuracy　of　the　FE　analysis．
　　　To　overcome　this　problem，　an　adaptive　FE　re丘nement　has　been　introduced　to　the
large　strain　FE　analysis　using　an　elast（）－viscoplastic　model　considering　the　microstructural
changes　presented　in　Chapter　2．　The　aim　of　the　study　in　this　chapter　is　to　examine　the
perfbrmance　of　the　mesh　re丘nement　applied　to　the　analysis　method　by　taking　into　account
the　improvements　in　the　accuracy　of　the　analysis　and　the　computation　time．
　　　ん一re丘nement，　in　which　the　same　class　of　elements　continues　to　be　used　but　the　size　of
the　elements　is　changed　to　provide　maximum　e伍ciency　in　achieving　the　desired　solution，
is　adopted　in　the　present　study．　The　error　estimator　is　based　on　the　method　proposed　by
Zienkiewicz　and　Zhu（1992）and　is　reviewed　in　Appendix　A．　An　automatic　quadrilateral
mesh　generation　method　proposed　by　Zhu　et　al．（1991）is　introduced　in　Appendix　B．　In
the　following　sections，　prediction　method　of　the　required　elelnent　size　and　a　simple　linear
planar　interpolation　technique　fbr　stress　and　material　properties　is　explained．
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　　　The　application　of　the　method　is　validated　by　simulating　the　shearing　of　a　clay　speci－
men　under　plane　strain　conditions　with　displacement　control．　The　simulations　have　beell
performed　with　and　without　the　remeshing　technique．　The　results　are　then　presented　and
the　mesh　refineInent　perfbrlnance　is　explored　and　discussed．
6．2 Prediction　of　the　Required　Element　Size
The　error　estimator　reviewed　in　Appendix　A　allows　us　to　determine　the　global　and　the　local
（elemental）energy　norms　of　the　error．　If　the　error　predicted　is　less　than　the　permissible
error　prescribed，　a　mesh　refinement　is　not　required．　In　order　to　confirm　this　condition，
the　norm　percentage　errorηmust　be　determined，　namely，
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　η一lilllli・1・・％　　　（6・1）
where　l　l　zL　112　is　the　total　L2　norm　error　and　can　be　calculated　as　shown　in　the　next　equation：
1剛・一（L…∂Ω）1／2 （62）
whereΩrepresents　the　domain　of　the　problem．　If　the　norm　percentage　error　fbr　the
overall　domain　is　larger　than　the　prescribed　value，　a　mesh　refinement　must　be　performed．
At　this　stage，　it　is　required　that　the　error　in　any　element　k　should　be
　　　　　　　　　　　　　　　　　　　　　　　　　　　ll・ll・・＜η（ll£12）1／2≡εm　　鯛
in　whichηis　the　permissible　error　determined　by　the　analyst　and　m　is　the　total　element
number．
　　　Any　element　that　does　not　satisfy　the　condition　in　Equation（6．3）must　be　refined』b
predict　the　element　size，　the　following　assumption　is　made：
11el121e。（h2 （6．4）
where　hle　indicates　the　current　element　size　and　p＝2is　the　polynomial　order　of　the
approximation．　To　satisfy　the　requirement　in　Equation（6．3），　the　size　of　the　new　re丘ned
element　size　should　be　smaller　than　that　calculated丘om　the　following　equation：
hneω＝ξ㌃1／Pんκ （6．5）
in　which
ξ，　．．　1｜こ！1・・
　　　　　　em
（6．6）
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　　　1・this　st・dy，　the　effecti…t・ess（σ；」）all（l　the　vi・c・pl・・ti・・t・・i・（・穿）・・e　ch・・en・f・・
11sed　in　the　calculation　of　the　error．　This　choice　is　done　in　order　to　take　into　account　f（）r
the　errors　from　the　elastic　part　and　the　plastic　parts．　The　norm　percentage　error　used
to　predict　the　required　element　size　in　the　new　IIlesh　is　the　average　value　of　the　errors
calculated　from　the　effective　stress　alld　the　viscoplastic　strain。　By　the　new　required　ele－
ment　size　calculated，　the　new　refined　mesh　can　be　generated　by　using　the　mesh　generation
method（Zhu　et　al．1991）reviewed　iII　Appendix　B．
6．3 Planar　Interpolation
Start　ofthe　calculation
@　　　　　　steps
Process　to　a　specified　step
Error　estimation
Does　the　estimated　error
≠唐刀@the　permissible　error？
@　　　　　　　　　　Yes
Continue　the　calculadons
End　ofcalculationsteps
No
→
Used　the　estimated
error　to　determi　ne　the
new　mesh　size　inthe
　　　　　　field
Create　new　mesh　from
the　new　mesh　size
calculated．　The　original
mesh　isused　as　the
background　mesh．
Error　estimationInterpolate　the
parameters
Figure　6．1Flowchart　of　the　developed　adaptive　finite　element　program
　　　After　the　new　mesh　is　generated　from　the　method　reviewed　in　the　Appendix　B，　the
stress　levels　and　the　material　properties　at　the　integration　points　of　the　generated　mesh
must　be　determined　from　the　values　of　the　old　mesh．　At　this　point，　the　SPR　technique　is
used　again．　The　procedure　is　explained　as
●Update　the　old　mesh．　This　fbrms　the　reference　field　for　the　interpolation．
●Find　the　element　of　the　reference　field　in
　　destination丘eld（new　mesh）lies　in．
which　the　new tegration　point　of　the
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●Interpolate　the　paranleter　vallles　at　the　Ilew　integration　poiIlt（destination　field）．
　　The　parameters　are　interpolated　using　the　SPR　technique　to　find　the　value　at　the
　　concerned　coordinates　in　the　reference　mesh．
Aflowchart　of　the　developed　program　is　showll　ill　Figure　6．1．
6．4 Numerical　Simulation
Table　6．1　Soil　parameters
Coef6cient　of　permeabilityんo（m／s）0．8×10－9
Elastic　shear　modulus　Go（kPa）13075
Compression　indexλ 0，508
Swelling　indexκ 0．0261
Initial　void　ratio　eo 1．70
Coef五cient　of　earth　pressure．κo1．0
Compression　yield　stressσ∴b乞（kPa）100．0
Stress　ratio　at　maximum　compression　M∴1．09
Viscoplastic　parameter　m’18．5
Viscoplastic　parameter（コo（1／s）1．3×10－13
Structural　parameterσん∫（kPa）51．4
Structural　parameterβ0．15
　　　Anumerical　analysis　has　been　carried　out　in　order　to　validate　the　application　of　the
mesh　refinement　with　the　analysis　method　currently　used．　A　simulation　of　the　shearing　of
a　clay　specimen　was　performed　under　plane　strain　conditions　by　the　displacement　control
with　and　without　remeshing．
　　　Figure　6．2　shows　the　model　fbr　the　soil　and　the　associated　boundary　conditions．　The
size　of　the　models　is　O．1×0．1　m．　The　rate　of　the　upper　boundary　nodal　displacement
adopted　in　this　analysis　is　O．00002　m／min．　In　the　analysis，　the　time　increment　fbr　each
step　of　the　calculation　is　set　to　be　30　sec　with　an　upper　boundary　node　displacement
increment　of　O．00001　m　fbr　each　step　of　the　calculation．　The　material　parameters　used　in
the　analysis　are　listed　in　Table　6．1　with　the　coe伍cient　of　permeability　and　the　Ko　values．
128
日『O
9
[r@∴ゴご・一、
　　　　　　　　↑
←lmp・・meabl・→
　　　　boundary
　　　　　　　　↓
0．lm1ぐ一一一一一一一一一一rレ1
6．5
　　　　　　　　　Figure　6．2　Model　of　the　soil　used　in　the　analysis
Results　and　Discussion
Two　cases　of　the　analyses，　in　which　the　structural　paraIneters　areβ＝O　andβ＝15，　are
carried　out　to　study　the　perfbrmance　of　the　method　applied　to　strain　localization　con－
sidering　the　degradation　of　the　soil　strength．　The　soil　parameters　are　presented　in　Table
6．1．The　permissible　error　used　in　the　calculations　is　10％．　In　the　fbllowings，　the　analysis
case　using　the　structural　parameterβ＝Owill　be　refereed　to　as　Case　1，　while　Case　2
represents　the　analysis　using　the　structural　parameterβ＝15．
巳、
1．0）
日
Automatic
quadrilateral
mesh　generation
（0．0，0．0）　　　　　　　（1．0，0．0）
1　：i　」　　：｝　　’・　　　　　　　　　　　　　；　　↓
一●－lnitial　boundary　nodes
一く〉一一Initial　background　grids
　Mesh　size　parar鵬ter　at　all
　background　grid：0．Ol
Initial　meshcreated
100elements　and
314　nodes
Figure　6・3　1nitial　boundary　nodes　and　initial　background　nodes　fbr　the　generation　of　the
initial　mesh　and　the　generated　initial　mesh　fbr　Case　1
　　　Let　us　start　with　Case　l　in　which　the　the　structural　parameterβ＝O　is　used．　The　initial
boundary　nodes　and　the　initial　background　nodes　fbr　the　generation　of　the　initial　mesh
are　shown　in　Figure　6．3．　The　generated　initial　mesh　is　also　shown　in　the　same　figure．　It
is　seen　that　by　setting　the　mesh　size　parameter　hk　at　O．01m　fbr　all　background　nodes，　a
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unifbrm　rectangular　mesh　with　an　element　size　of　O．Ol×0．01　nl　can　be　obtained．
　　　The　first　remeshillg　is　perforlIled　after　the　displacement　of　the　upper　boundary　has
reached　O．0005　m（50　calculation　steps）．　The　contour　of　the　paralneters　that　are　used　ill
the　error　estimation　is　shown　in　Figure　6．4．　Parameterξk　is　calculated　from　Equation
（6．6），and　the　obtaiIled　contour　is　also　shown　in　the　sanle　figure．　A　large　value　fOr　the
error　estimation　is　observed　at　the　corner　of　the　mesh　and　along　the　area　where　the　soil
is　significantly　sheared．　The　overall　percentage　error　estimated　at　this　stage　is　9．09％as
shown　ill　the丘gure．　This　is　lower　thaII　the　pernlissible　lilllit，　which　was　set　to　be　lO％
and　the　analysis　can　therefbre　be　colltillued　without　any　Illesh　refinement．
　　　The　analysis　is　then　continued　by　checking　the　error　every　50　calculation　steps（0．0005
mof　upper　boundary　displacement　increments）．　The　overall　percentage　errors　obtained　at
the　upper　boundary　displacement　of　O．0010　m，0．0015　m，　and　O．0020　m　is　8．38％，8．79％，
and　9．52％，　respectively．　Since　the　estimated　errors　all　pass　the　permissible　limit，　the
analysis　is　perfbrmed　without　remeshing．　The　overall　percentage　error　calculated　with
an　upper　boundary　displacement　of　O．0025　m（250　steps　of　calculation）is　10．47％．　This
value　is　larger　than　the　error　limit　and　the　nlesh　needs　to　be　refined．　The　distribution　of
the　parameters　that　are　used　in　the　error　estimation　at　this　stage　is　shown　in　Figure　6．5
along　with　the　contour　of　the　calculated　Ch．　Note　that，　remeshing　is　needed　in　the　area　in
■hich　Ck　is　larger　than　1．0．　The　new　mesh　size　is　calculated　from　the　estimated　error　and
the　new　mesh　is　then　generated　as　shown　in　Figure　6．6．　The　new　mesh　is　composed　of　391
elements　with　1270　nodes．　It　is　seen　that　the　size　of　the　elements　located　near　the　corners
of　the　mesh　become　smaller，　and，　consequently，　the　errors　in　these　areas　vanish　in　the　new
mesh．　The　material　parameters　are　then　interpolated　from　the　original　mesh　to　the　new
mesh　and　the　error　estimation　is　carried　out　again　to　examine　the　quality　of　the　generated
mesh．　The　overall　error　is　estimated　from　the　new　mesh　is　3．96％，　and　therefore，　it　passes
the　prescribed　limit．　Interpolated　accumulated　viscoplastic　shear　strain　7ρ≡∫　∂e穿∂e魏ρ，
the　mean　effective　stress，　and　the　pore　water　pressure　of　the　generated　mesh　are　shown　in
Figure　6．7．　From　this　figure，　the　quality　of　the　interpolation　technique　can　be　validated．
　　　The　analysis　is　then　continued　and　the　error　estimation　is　performed　at　every　O．0005
mincrement　of　the　upper　boundary　displacement．　The　error　estimated　at　step　300　is
10．17％and　the　mesh　is　refined　again．　The　new　mesh　contains　1211　elements　with　3744
nodes．　The　estimated　error　falls　to　7．04％and　passes　the　permissible　error．　The　analysis
is　then　continued　to　step　800，　while　the　estimated　error　stays　below　the　permissible　value．
　　　Additional　analyses　fbr　the　same　problem　using　5×5（25　elements）and　20×20（400
elements）meshes　have　been　conducted　in　order　to　compare　the　results　with　the　adaptive
130
E脆ctive　stressσthx
Vi・c・pl・・ti・・t・amε㌫
。一懸。晶
Relative　local　error
σノ
　yy
1，！1一1”1Ies1S154縣、4
εP
　　y’y
θ11！91！lll！”11111　．，S1111！．
κ
ξ
σ，
　x’y
M，需癬・25．，閂要18
εP
　　　xy
℃廟一。▲
Overall　percentage　error：9．09％
Permissible　error　set：10％
。一1！－111－v。8需、9
Figure　6．4　Distributions　of　the　parameters　used　in　the　error　estimation　and　the　corre－
sponding　error　estimated　at　O．0005　m　of　the　upper　boundary　incremental　displacement
for　Case　1
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Figure　6．7　Distributions　of　the　accumulated　viscoplastic　shear　strain，　the　mean　effective
stress，　and　the　pore　water　pressure　in　the　original　mesh　and　in　the　re丘ned　mesh　for　Case
1
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Figure　6．9　Relation　between　the　average　vertical　stress　and　the　displacement　of　the　upper
boundary　for　Case　l
re丘nelnellt．　The　5×5（25　elements）mesh　can　be　considered　as　an　rough　mesh，　while
the　10×10（100　elements）mesh　is　collsidered　to　be　a　typical　mesh，　and　the　20×20（400
elements）mesh　represents　a　fine　mesh．　Figure　6．8　shows　the　development　of　the　estimated
total　error（％）with　the　displacement　of　the　upper　boundary．　It　is　seen　that　the　mesh
which　is　composed　of　the　higher　number　of　elements　yields　a　smaller　estimated　error
from　the　analysis　of　the　same　problem．　In　the　analyses　fbr　which　mesh　re丘nement　is
not　conducted，　the　error　grows　larger　with　the　displacement　of　the　upper　boundary，
namely，　the　shear　of　the　soil　specimen．　On　the　other　hand，　when　the　mesh　refinement　is
perfbrmed，　the　estimated　error　remains　below　the　permissible　error　limit．　This　indicates
that　the　adopted　method　can　refine　and　produce　very　well　a　new　mesh　with　lower　errors
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f（）rtlle　allalysis　performed．
　　　Figllre　6．9　ilhlstrates　the　relatioll　betweell　the　average　vertical　stress　and　the　displace－
IIIent　of　the　upper　boundary　fbr　all　cases・It　is　apParent　that　a　relatively　large　fluctuation
is　produced　after　the　first　refinement．　However，　the　average　vertical　stress　converges　to
the　results　from　the　10×10（100　elements）Inesh　and　the　20×20（400　elements）mesh　at　a
high　displacement　of　the　upper　boundary．
　　　Figures　6．10　and　6．11　show　the　distributions　of　the　accumulated　viscoplastic　shear
straiII　and　the　mean　effective　stress　when　the　upper　boundary　displacement　has　reached
O．0075m　for　all　meshes．　A　clear　difference　can　be　seen　between　the　results　of　the　re丘ned
Inesh　and　the　results　of　the　5×5（25　elements）and　the　10×10（100　elements）mesh　cases
which　yield　larger　errors．　This　again　indicates　that　the　refinement　procedure　improves　the
accuracy　of　the　analysis　from　the　initial　typical　mesh．　However，　the　20×20（400　elements）
Inesh　case　provides　rather　similar　results　to　those　from　the　refined　mesh　case．　Therefbre，
the　mesh　refinement　did　not　yield　much　better　results　from　the　analysis　using　the　fine
mesh　from　the　start　of　the　calculation，　despite　the　difference　in　the　errors　estimated．
　　　Let　us　Ilow　consider　the　results　of　Case　2．　In　this　case，　the　structural　parameter　6＝15
is　used．　From　the　analysis．　It　is　seen　from　the　analysis　that　the　degradation　of　the　soil
strength，　due　to　the　microstructural　changes，　gives　the　strain　localization．　Similar　to　Case
1，the　initial　mesh　generated　is　composed　of　100　uniform　elements．　Next，　the丘rst　error
estimation　is　perfbrmed　after　50　calculation　steps．　The　error　estimated　at　this　stage　is
appeared　to　be　10．02％，　and　thus，　the　mesh　re丘nement　is　required．　Figure　6．12　shows
the　distributions　of　the　parameters　that　are　used　in　the　error　estimation　at　this　stage．
The　contour　of　the　calculatedξk　calculated　is　also　illustrated　in　this　figure．　In　this　case，
the　larger　viscoplastic　strain　and　the　strain　localization　are　calculated　as　results　of　the
structural　changes．　Consequently，　a　higher　error　than　that　in　Case　l　is　estimated　and　it
is　distributed　along　the　shear　band．　The　newly　generated　mesh　created　has　287　elements
with　946　nodes．　The　error　estimated　from　the　new　mesh　is　3．00％as　can　be　seen　in
Figure　6．13．　This　value　fallS　within　the　permissible　error　limit（10％）．　Figure　6．14　shows
the　distribution　of　the　relative　local　error　before　and　after　the　mesh　refinement　when　the
upper　boundary　displacement　has　reached　O．002m．　The　contour　shown　in　the　figure　gives
us　a　clearer　view　of　how　the　estimated　error　is　concentrated　in　an　x－shape　shear　band　in
the　center　of　the　mesh．　Therefore，　the　size　of　the　new　elements　generated　within　this　area
is　small，　and　the　error　estimated　in　the　new　mesh　becomes　smoother　and　the　total　error
calculated　passes　the　prescribed　error　limit．　This　indicates　that　the　refinement　procedure
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Figure　6．10　Distributions　of　the　accumulated　viscoplastic　shear　strain　when　the　upper
boundary　displacement　is　O．0075　m　for　Case　1
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Figure　6．11　Distributions　of　the　mean　effective　stress　when　the　upper　boundary　displace－
ment　is　O．0075　m　for　Case　1
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Figure　6．12　Distributions　of　the　parameters　used　in　the　error　estimation　and　the　corre－
sponding　error　estimated　at　O．0005　m　of　the　upper　boundary　incremental　displacement
fbr　Case　2
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Figure　6．13　Di・t・ib・lti・ns・f　the・el・ti・・1・・al　err・rs　b・f・）re・nd・fter　the丘rst　lnesll
refinelllellt　for　Case　2
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Figure　6．14　Di・t・ib・ti・ns・f　the・el・ti・・1・・al　err・rs　bef・・e・・d・ft・・the　me・h　re丘ne…ent
when　the　upper　bo皿dary　displacemellt　has　reached　O．002111　for　Case　2
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Figure　6．16　Relation　between　the　average　vertical　stress　and　the　displacement　of　the
upper　boundary　fbr　Case　2
used　can　deal　with　the　errors　in　the　strain　localization　area　and　can　provide　the　optimum
mesh．　The　analysis　is　then　continued　until　the　upper　boundary　displacement　reaches
O．003m．　Figure　6．15　shows　the　development　of　the　estimated　total　error（％）with　the
displacement　of　the　upper　boundary．　The　results　demonstrated　in　this丘gure　confirm　for
us　that　without　the　mesh　refinement，　the　error　estimated　from　this　ca8e　is　considerably
higher　than　that　fbr　Case　1．　The　development　of　the　average　vertical　stress　with　the
displacement　of　the　upper　boundary　is　shown　in　Figure　6．16．　In　this　case，　the　Huctuation
produced　from　the　re丘nement　is　very　small．　As　the　re丘nement　is　conducted　and　the　error
is　reduced，　the　calculated　average　vertical　stress　converges　to　the　results　obtained丘om
the　20×20（400　elements）mesh　case．
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Figure　6．17　Distributiolls　of　the　accumulated　viscoplasctic　shear　straill　when　the　upper
boundary　displacenlellt　is　O．0025　nl　for　Case　2
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Figure　6．18　Distributions　of　the　mean　effective　stress　when　the　upper　boundary　displace－
ment　is　O．0025　m　for　Case　2
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　　　Distributions　of　the　accumulated　viscoplastic　shear　strain　and　the　mean　effective　stress
wh・・the・PP・・b・u・d・・y　di・placem・nt・h…ea・h・d　O．0025m・・e・h・w・i・・Fig。・e、6．17
and　6・18・Once　ag・i・，　th・・e・ult・・f　th・5・5（25・1・m・nt・）and　th・10・10（100・1・m・nt・）
me・h　ca・e・a・e　q・it・diff・・ent伽m　th・・e・fth・・e丘・・d　me・h・a・e　and　th・20・20（400
elemellts）mesh　case．　Now　let　us　compare　the　results　due　to　the　mesh　refinemellt　and　the
20・20（400・1・m・nt・）m・・h　cas・・It・an　b・・een　th・t　th・accum・1・t・d・isc。pl。，ti，，h，a，
strain　in　the　mesh　refinelllent　case　is　higher　than　that　fbr　the　case　of　400　elements　case．
As　fbr　tlle　mean　effective　stress，　no　clear　difference　can　be　seen　from　the　value　outside
the　shear　band　area．　On　the　other　hand，　the　mean　effective　stress　in　the　shear　band　area
decreases　more　from　the　negative　dilatancy　in　the　mesh　refinement　case．　This　indicates
that　the　adaptive　refinemellt　does　increase　the　accuracy　of　the　calculation　in　the　case
when　strain　localization　occurs．
6．6 Summary
An・d・pti…efin・m・nt　m・th・d　has　been　i・t・・duced　i・t・th・丘・ite　el・m・nt　analy・i・u・ing
an　elasto－viscoplastic　model　considering　the　microstructural　changes．　The　method　works
well　to　reduce　the　errors　in　the　regenerated　mesh．　When　the　strain　localization　does　not
occur，　however，　a　small　difference　is　seen　in　the　analysis　results　obtained加m　the　mesh
re丘nement　case　and　the　fine　mesh　case　despite　the　higher　error　estimated　from　the　fine
mesh　case．　Therefbre，　the　mesh　re丘nement　did　not　give　much　better　results　than　that　of
the　analysis　using　the　fine　mesh加m　the　start　of　the　calculation．
　　　When　strain　localization　does　occur，　the　re丘nement　reduces　the　estimated　error　as
well．　Moreover，　the　re丘ned　mesh　yields　better　results　from　the　analysis　of　the　soil　in　the
shear　band　zone　than　the　fine　mesh　case．
　　　Zienkiewicz　and　Zhu（1992）have　perf（）rmed　several　numerical　analyses　on　elastic　prob－
1・m・and・・mp・・ed　th・・bt・i・・d　m・・h・efi・・m・nt・e・ult・t・th・an・lyti・al・・1・ti・n・．　Th・y
point　out　that　with　the　recovered　superconvergent　solutions，　the　pointwise　errors　of　the
FE　solution　can　be　accurately　estimated，　while　the　control　of　such　local　errors　is　not
as　simple　as　the　procedure　fbr　ensuring　a　speci丘ed　overall　energy　norm　error．　The　paper
ended　by　concluding　that　the　mesh　refinement　based　on　an　error　estimator　llsing　the　SPR，
leads　to　a　good　and　effective　analysis．　It　has　been　fbund　in　the　FE　analyses　used　in　this
study，　however，　that　the　re丘nement　method　is　not　an　economic　option　for　improving　the
quality　of　the　analysis，　especially　if　we　consider　the　computation　time　in　the　evaluation
of　this　method，　since　only　a　small　improvement　and　a　little　higher　accuracy　are　obtained
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by　i…easi・g・1・・g・numb…f・1・m・nt・and　d・g・ee・・f・f・eed・m・Th・・ef・・e，　th・auth・・
recommends　that　adaptive　re丘nement　be　used　in　the　trials　to　find　an　optimum　initial
mesh，　instead　of　using　the　adaptive　refinement　in　the　analysis，　and　that　the　obtaiIled
mesh　be　used　for　the　entire　analysis．
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Chapter　7
Conclusions　and　Future　Work
7．1 Concluding　Remarks
In　the　present　dissertation，　an　elasto－viscoplastic　constitutive　model　for　clay　and　an　elasto－
plastic　constitutive　model　fbr　sand　were　used　with　a　finite　element　f（）rmulation　for　the
analy・i・・f・w・ter－satu・at・d・・il・b・s・d・n　th・丘・it・d・f・・m・ti・n　th…yi…d・・t・・t・dy
and　to　simulate　the　soil－foundation　interaction　problems　of　the　fbundation　structures　in
the　grounds　composed　of　soft　clay　and　sand　that　are　subjected　to　large　deformations
and　strain　localization．　The　implementation　of　the　mesh　refinement　process　was　also
introduced　into　the　analysis　method　used　in　this　study．　The　fbllowing　conclusions　were
obtained　from　the　present　study．
　　　In　Chapter　2，　an　elasto－viscoplastic　constitutive　model　fbr　normally　consolidated　clay
with　a　second　material　functionΦ2　proposed　by　Adachi，　Oka，　and　Mimura（1987），　and
an　elasto－viscoplastic　constitutive　model　fbr　clayey　soils　considering　structural　changes，
proposed　by　Kimoto（2002），　were　firstly　introduced．　In　this　study，　the　models　were
used　to　reproduce　the　important　behaviors　of　a　clay　gro皿d　including　the　rate－dependent
behavior，　dilatancy，　and　the　degradation　of　strength　from　the　microstructural　changes．
An　elast（｝－plastic　model，　based　on　the　nonlinear　kinematic　hardening　rule　f（）r　sandy　soils
（Oka　et　al．（1999）），　was　then　presented　to　simulate　the　ground　composed　of　both　clay　and
sandy　materials．　Finally，　a　finite　element　formulation　for　the　analysis　of　water－saturated
soil，　based　on　the　finite　deformation　theory，　was　described．
　　　In　Chapter　3，　the　study　was　divided　into　two　parts．　In　the丘rst　part，　numerical
simulations　under　plane　strain　conditions　were　carried　out　to　study　the　effects　of　vari一
143
ous　paranleters　on　tlle　lateral　earth　pressure　brought　about　by　nloveInellts　of　a　vertical
backface　retaiIling　wall　which　supports　horizontal　backfill．　The　problem　was　separated
illto　active　and　passive　earth　pressure　cases．　From　the　results　of　the　study，　the　following
summary　and　conclusions　were　drawn・
　　　It　was　found　that　the　frictioII　betweell　the　wall　and　the　soil　affected　the　active　and
the　passive　earth　pressure　ill　a　similar　way，　nanlely，　a　larger　friction　between　the　wall
and　the　soil　resulted　in　a　larger　decrease　and／or　increase　in　pressure　on　the　wall　from　the
initial　values．　The　shear　band　behilld　the　wall　appeared　in　a　straight　line　with　an　angle
of　around　45°to　the　horizontal　plane　in　the　case　of　a　smooth　walL　The　friction　between
the　wall　and　the　soil　caused　the　shear　band　to　bend　slightly　at　the　lower　edge　of　the　wall．
The　negative　dilatancy　of　normally　consolidated　clay　affected　changes　iII　the　pore　water
pressure　and　the　volumetric　strain　of　the　soil　behind　the　wall．　A　comparison　showed　that
the　friction　more　strongly　influenced　the　amount　of　earth　pressure　in　the　case　of　the　active
earth　pressure　than　in　the　case　of　the　passive　earth　pressure・
　　　The　wall　movement　patterns　were　fbund　to　have　a　great　influence　on　the　deformations
of　the　soil　behind　the　wall　and　on　the　development　of　the　earth　pressure．　The　rotation　of
the　wall　around　its　top　edge　resulted　in　a　shear　zone　shaped　like　a“hook，，．　The　pressure
of　the　soil　around　the　deeper　parts　of　the　wall　developed　first，　fbllowed　by　the　pressure
near　the　ground　surface．　On　the　other　halld，　the　pressure　of　the　soil　near　the　ground
surface　will　developed　befbre　the　pressure　of　the　soil　in　deeper　positions　in　the　case　of　the
wall　rotation　around　its　bottom　edge．　In　this　case，　the　soil　tended　to　deform　in　a“zone”
rather　than　in　the　shear　bands．　The　growth　rate　of　the　earth　pressure　on　the　wall　in　the
translation　movement　pattern　case　was　the　fastest，　followed　by　that　associated　with　the
rotation　around　the　top　edge　case，　and　then　the　rotation　around　the　bottom　edge　case，
respectively．
　　　In　the　second　part，　the　problem　of　the　soil－structure　interaction　of　the　braced　exca－
vation　performed　through　a　thick　soft　clay　deposit　was　studied．　The　effects　of　the　initial
stress　ratio　and　the　struts　layouts　on　the　perfbrmance　of　the　excavation　were　examined．
Numerical　simulations　under　idealized（symmetric）plane　strain　excavation　geolnetry　were
undertaken　in　this　part．　The　fbllowing　conclusions　were　obtained　from　the　analyses　re－
sults．
　　　When　an　excavation　was　performed　through　a　thick　soft　clay　deposit，　the　sheet　pile
wall　tended　to　de且ect　with　the　position　of　the　maximum　lateral　de且ection　located　under
the　excavation　level．　The　large　displacements　of　the　toe　of　the　wall　with　the　large　amount
144
・fh・avi・g　w・・e・bt・i・ied・fr・m　th・・im・1・ti・n．　Thi・i・di・at・d　th・1・w－b・・e・t・bility・f　th，
excavation　systelll．　It　was　fbund　that　the　lateral　deflections　of　the　wall　contiIlued　to　grow
largely　with　time　even　after　the　completion　of　the　excavation．　This　was　fbund　to　be　due
to　both　the　consolidation　process　and　the　viscoplastic　How　of　the　soil　masses．
　　　Acomparison　showed　the　agreement　of　the　wall　and　the　ground　de五）rmation　patterns
between　the　numerical　results　and　the　data　from　the　case　study，　and　thus，　indicated　that
this　study　can　quantitatively　well　reproduce　the　results　of　the　case　study　well．　From　the
analysis　results，　it　is　recommended　that　the　ground　improvemellt　only　on　the　excavation
side　is　effective　enough　to　reduce　the　ground　deformation　and　wall　displacement　in　the
problem．
　　　In　Chapter　4，　a　case　study　of　an　embankment　constructed　near　the　shore　of　the　Aji
River　in　the　bay　area　of　Osaka　Prefecture　was　s紅1died．　The　parameters　used　in　the　con－
stitutive　models　fbr　the　underlying　thick　alluvial　clay　layer　in　the　construction　field　were
carefully　investigated　with　laboratory　tests．　The　large　and　the　long－term　defbrmations　of
the　ground　and　the　displacement　of　the　supporting　structures　caused　by　the　construction
were　measured　after　the　construction　of　the　embankment　near　the　bulkhead　piles　that
were　not　embedded　into　a丘rm　stratum．　Numerical　analyses　were　perfbrmed　to　study　this
problem．　From　the　results，　the　fbllowing　conclusions　were　obtained．
　　　Large　defbrmations　of　the　underlying　soil，　due　to　the　embankment　load，　is　extended　to
deep　parts　of　the　clay　layer．　This　ground　defbrmation　led　to　the　lateral　displacement　of　the
nearby　bulkhead　piles　since　the　piles　were　embedded　in　a　soft　stratum．　A　good　agreement
between　the　simulation　results　alld　the　field　measurement　values　was　obtained，　and　this
shows　the　e伍ciency　of　the　calculation　method　adopted　to　reproduce　the　behavior　of　a
soil　ground　subjected　to　large　defbrmations．　The　significance　of　the　rate　sensitivity，　the
structural　changes　and　the　strength　degradation　of　the　clay　to　the　results　of　the　analyses
was　also　confirmed．
　　　It　is　important　to　point　out　that　in　this　case　study，　the　bulkhead　piles　were　found
to　move　horizontally　as　a　whole．　It　was　necessary，　therefore，　that　the　piles　be　installed
into　the　underlying　firm　stratum　to　increase　the　stability　of　the　supporting　system．　The
results　of　the　analyses　showed　that　this　countermeasure　was　able　to　prevent　the　ground
How　at　deep　levels　and　resulted　not　only　in　a　lower　lateral　displacement　of　the　piles，　but
also　in　the　smaller　settlements　of　the　ground．
In　Chapter　5，　a　series　of　numerical　analyses　of　fbotings　on　a　clay　deposit　was　car一
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ried　out　to　study　the　effects　of　microstructural　changes　and　strength　degradation　oll　the
bearing　behavior　of　a　shallow　foundation．　It　was　found　that　tlle　soil　structllre　and　the
strength　degradation　led　to　the　strain　localizatioll　dllring　the　loading　of　the　fbotings　oll
the　structured　soil．　On　the　other　hand，　no　strain　localizatioll　was　observed　in　the　case　of
soil　with　low－structure．　This　structllral　change　in　the　soil　was　found　to　affect　the　bearing
behavior　of　the　strip　footillg．　A　comparison　indicated　that　the　bearing　capacity　obtained
from　the　method　was　lower　than　that　of　the　plasticity　solution，　which　was　caused　by
the　strength　degradation　of　clay　fbr　the　fbotings　on　highly　structured　soil．　Therefore，　we
can　conclude　that　it　is　important　to　include　the　effects　of　microstructural　changes　in　the
bearing　capacity　analyses．　The　analysis　also　showed　that　different　friction　conditions　at
the　fOoting　surface　led　to　different　failure　patterns・
　　　For　the　case　of　fbotings　on　soil　with　strength　which　increased　with　depth，　this　increase
in　soil　strength　was　found　to　make　the　friction　conditions　at　the　fboting　surface　to　affect
the　shape　and　the　depth　of　the　failure　mechanism，　and　consequently，　resulting　in　different
bearing　capacities．　Similar　to　the　homogeneous　soil　case，　soil　strength　degradation　and
strain　localization　due　to　the　collapse　of　the　soil　structure　affected　the　bearing　behavior
of　the　fbotings．
　　　In　Chapter　6，　an　adaptive　refinement　method　was　introduced　into　the　large　strain
finite　element　analysis　using　an　elasto－viscoplastic　model　considering　microstructural
changes．　We　have　found　that　the　method　developed　here　can　reduce　the　errors　estimated
in　the　regenerated　mesh．　However，　the　analysis　results　were　not　improved　much　when
the　strain　localization　did　not　occur．　On　the　other　hand，　when　strain　localization　did
occur　due　to　the　degradation　of　the　soil　strength，　the　re丘ned　mesh　improved　the　results
of　the　analysis　of　the　soil　in　the　shear　band　area．　Upon　considering　the　computation　time
required　fbr　this　adaptive　re丘nement　analysis，　however，　it　was　found　that　the　method　is
not　economical．　Hence，　the　author　recommends　that　the　adaptive　re丘nement　be　used　in
trials　to　find　the　optimum　initial　mesh　fbr　the　analysis．
　　　The　numerical　analysis　with　the丘nite　element　method，　using　the　elasto－viscoplastic
models　in　this　study，　has　clari丘ed　some　mechanisms　of　the　soil－fbundation　interaction　in　a
soft　clay　gro皿d．　In　particular，　the　simulation　results　have　given　us　a　better　understand－
ing　of　the　effects　of　the　rate－sensitivity　of　clay，　the　strength　degradation　and　the　strain
localization　on　the　behavior　of　the　ground　and　the　corresponding　supporting　systems．
Through　the　comparisons　between　the　obtained　results　and　the　field　measurements，　the
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P・・f・・mance・f　the　num・・i・al　m・th・d・d・pt・d　i・th・p・e・e・t・t・dy　has　been　quantit。．
ti・・ly　valid・t・d・H・nce・th・m・th・d　h・・been　p・・v・d・ap・bl・・f　p・・vidi・g　an，ffecti。，
t・・lf・r　re・ea・chi・g・・il－f・und・ti・n　i・t・・a・ti・n　p・・bl・m・i…ft・1・y．9r。und，．
7．2 Recommendation　for　Ruture　Work
Topics　fbr　future　study　are　suggested　based　on　the丘ndings　of　this　work．　Subjects　that
deserved　future　investigation　are　listed　below．
　　　1・this　st・dy・th・・im・1・ti・n・f　th・b・a・i・g・heet　pil・w・ll　i・thi・k・・ft・1・y　d・p。，it　h。，
been　d・n・・It　w・・f・und・th・t　thi・b・a・i・g・y・t・m・ann・t・ffecti・・ly　limit　th，　d。f。，m。ti。n
・f　9r・und　b・1・w　the　ex・avati・n　l・v・1・It　i・necessa・y，　th・・ef・・e，　t・inv・・tig・t・the　e伍・i。n，y
・f・th・・ex・avati・n　m・th・d・i・th・thi・k・・ft・1・y　d・p・・it．　F・・exampl・，　by・・i。g　th，
retaining　wall　instead　of　the　sheet　pile　wal1，0r　by　adopting　the　underwater　excavation
method．
　　　In　the　adaptive　mesh　re丘nement　procedure，　we　have　confirmed　that　Huctuation　of
the　analy・is　re・ult・might・ccu・by　th・imp・・fe・ti・n・f　th・plana・i・t・・p。1。ti。n。f　th，
parameters．　To　overcome　this　problem，　mesh　enrichment　method　may　be　used　instead　of
the　complete　mesh　re丘nement．
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